ABSTRACT During early development, apoptosis plays a major role in the ontogeny of the germ line as a means of regulating the germ cell:Sertoli cell ratio. In the adult, apoptosis fulfils another function in removing damaged germ cells from the seminiferous epithelium in response to a wide range of physiological and environmental triggers. These include various forms of electromagnetic radiation, chemotherapeutic agents and commonly encountered toxicants such as phthalate esters, bisphenol A and cadmium. This form of apoptosis can lead to spermatogenic arrest and is predominantly mediated by the Fas/FasL system. In addition, senescent mature spermatozoa can undergo a truncated form of apoptosis in order to ensure their efficient phagocytosis within the male and female reproductive tracts. This apoptotic cascade appears to be triggered by oxidative stress and lipid peroxidation, which leads to activation of mitochondrial reactive oxygen species (ROS) generation in a self-perpetuating redox cycle. The electrophilic aldehydes generated as a result of lipid peroxidation also lead to a rapid loss of sperm motility followed some hours later by caspase activation and phosphatidylserine exposure on the sperm surface. The nuclear DNA suffers oxidative damage during this process but there is no immediate DNA cleavage by endonucleases as there is in somatic cells. The reasons for this deviation from the normal pattern of apoptosis involve the unusual physical architecture of spermatozoa and the limited capacity these cells possess for base-excision repair. These findings have practical implications for the approaches that might be used to detect and prevent DNA damage in spermatozoa.
Apoptosis is a major feature of male germ cell development that orchestrates the production and function of these cells from the early stages of gonadal differentiation to the moment of fertilization. Towards the end of embryogenesis a major wave of germ cell apoptosis occurs in prospermatogonia/gonocytes when the testes are differentiating and adjustments have to be introduced to achieve the optimal germ cell:Sertoli cell ratio. During this developmental process, excess premeiotic spermatogonia are removed by apoptosis during the first round of spermatogenesis in the testis. Impairment of apoptosis through the functional deletion of key mediators of this process generates a male infertility phenotype due to an imbalance in germ-and Sertoli-cell numbers (Rodriguez et al., 1997) . This regulatory role for apoptosis in the male germ cell development is very similar to the situation in the differentiating female gonad where there is also a wave of apoptosis in the ovary tion, particularly on the sperm tail, under the influence of cAMP (Bailey, 2010) . This entire process appears to be redox regulated (Aitken et al., 1995 (Aitken et al., , 1998 and dependent on a low level of ROS generation by the spermatozoa. The ROS involved in this process are generated in a bicarbonate-dependent process (Ecroyd et al., 2003; Boerke et al., 2013) that may involve the sperm mitochondria (Koppers et al., 2008) and/or a plasma membrane NADPH oxidase such as Nox5 (Musset et al., 2012) . The superoxide (O 2 -•) generated from these sites combines with nitric oxide to generate a powerful reactive nitrogen species (RNS), peroxynitrite (ONOO-). This combination of O 2 -• and ONOO-serves to suppress tyrosine phosphatase activity in the spermatozoa and simultaneously activate adenylyl cyclase (Lewis and Aitken, 2001 ). The net result of these actions is to stimulate the tyrosine phosphorylation cascade that drives sperm capacitation. The ROS generated during capacitation also oxidize cholesterol to form oxysterols and induce the simultaneous activation of a reverse sterol transport system from the sperm surface (Boerke et al., 2013) . The depletion of cholesterol from the plasma membrane via such mechanisms increases the latter's fluidity and in so doing facilitates a fertilization process that is highly dependent on acts of membrane fusion.
Spermatozoa can, however, ultimately have too much of a good thing. The continuous generation of RNS and ROS by these cells during capacitation eventually overwhelms their limited defensive capabilities and creates a state of oxidative stress that then triggers the intrinsic apoptotic cascade Fig. 1) . Thus, apoptosis in spermatozoa is not triggered at cell cycle checkpoints as in somatic cells but rather represents a form of programmed senescence. The reason for such a carefully controlled cell death may be related to the interaction between spermatozoa and the immune system. In both men and women, spermatozoa are regarded as foreign cells that are potentially immunogenic and capable of generating both humoral and cell-mediated immune responses. When spermatozoa become senescent, it is critical that they are removed by a phagocytotic process that is silent, in the sense that no pro-inflammatory cytokines are produced. If this were not the case, a phlogistic response might be generated that would ultimately result in the induction of immunity against sperm antigens and infertility (Koppers et al., 2011) . In other cellular systems where silent phagocytosis is observed, as in the removal of neutrophils by macrophages during the resolution of acute inflammatory responses, the expression of apoptotic markers, such as phosphatidylserine, on the surface of the target cell is critical in suppressing the immune response (Fadok et al., 1992; Savill et al., 2002; Devitt and Marshall, 2011) . By engaging in a regulated cell death exhibiting many of the features of apoptosis, moribund spermatozoa ensure that they can be efficiently removed from the male or female reproductive tract without provoking a damaging inflammatory response. This facility is particularly important in the female reproductive tract where hundreds of millions of spermatozoa are removed by phagocytosis in the hours following insemination (Thompson et al., 1992; Rozeboom et al., 1998) .
In this context, it is worth considering the consequences of using a detergent-based spermicide such as nonoxynol 9, which would be expected to destroy the architecture of the sperm surface and prevent the presentation of apoptotic markers to the immune system. Careful studies have been performed on the induction of proinflammatory cytokines by spermicidal compounds in isolation (Fichorova et al., 2004) , but it is the response elicited by the com- (Nie et al., 2012) or androgen binding protein (Jeyaraj et al., 2003) or deletion of key genes involved in the regulation of spermatogenesis such as gonadotropin-regulated testicular helicase (GRTH)/ DDX25) (Gutti et al., 2008) , Jmjd1a demethylase (Liu et al., 2010) Crem (Kosir et al., 2012) or several molecular chaperones (Grad et al., 2010; Held et al., 2011) increases the level of apoptosis observed in the male germ line. Similarly, endocrine disruption of spermatogenesis through the induction of diabetes with streptozotocin (Tsounapi et al., 2012) or exposure to estrogen as an adult, but not in utero, leads to the induction of apoptosis in male germ cells (Ma et al., 2008; Chimento et al., 2010; LaRocca et al., 2011) . The impression given is that if spermatogenesis is disrupted in any way then the germ cells tend to default to an apoptotic state. The stage of spermatogenesis when apoptosis is induced appears to be predominantly pachytene spermatocytes and the Fas/FasL system appears to be a major mediator of this process (Lin et al., 2010) . The inherent sensitivity of the male germ line to apoptosis also extends to testicular germ cell tumours, which readily default to this state in the presence of chemotherapeutic agents such as cisplatin (Spierings et al., 2003) .
Apoptosis during spermatogenesis has also been suggested to play a role in the aetiology of spontaneous male infertility in light of the excessively high numbers of apoptotic germ cells observed in the testes of some infertile males (Lin et al., 1997) . In addition, apoptotic markers including caspase activation and phosphatidylserine exteriorization have been detected in the mature spermatozoa of male infertility patients (Barroso et al., 2000; Paasch et al., 2004; Grunewald et al., 2009; Almeida et al., 2009; Aitken and Curry 2011) . Since apoptosis in mature spermatozoa appears to be critically involved in the induction of a subfertile state associated with high levels of DNA damage, it is this aspect of the apoptotic process that we shall focus on in the remainder of this review.
Apoptosis and sperm survival
A fundamental feature of apoptosis in the mature spermatozoon is that this process represents a default position for the cell. Indeed, it is the fate of every spermatozoon in the ejaculate to undergo an apoptotic death, apart from the few spermatozoa that achieve immortality by successfully fertilizing oocytes. For most spermatozoa apoptosis is not induced but is a spontaneous consequence of their strenuous attempts to reach the oocyte and engage in the process of fertilization. When spermatozoa are inseminated into the female reproductive tract they are incapable of recognizing the egg or engaging in the cascade of cellular interactions that will culminate in fertilization. Before fertilization can occur these cells have to undergo a maturation process in the female tract known as 'capacitation' (Baker et al., 2012) . This process allows spermatozoa to orchestrate the assembly and presentation of a complex array of receptors on their surface for the zona pellucida (Reid et al., 2011) . In addition, capacitation is associated with the expression of a highly specialized form of motility known as 'hyperactivation', which allows the spermatozoa to generate the propulsive forces necessary to detach themselves from the epithelium lining the oviductal isthmus and penetrate through the vestments surrounding the oocyte (Suarez, 2008) .
The chemical basis of sperm capacitation is still being resolved in detail but it is known to involve a loss of cholesterol from the plasma membrane and a global increase in tyrosine phosphoryla-bined presence of spermicide and spermatozoa, which is really critical. It may well be that the use of spermicides renders women particularly susceptible to HIV infection (Van Damme et al., 2002) as a consequence of localized inflammatory reactions that have been induced because the protective action of apoptosis has been counteracted by the chemical disruption of the sperm surface.
The apoptotic process in spermatozoa
The highly specialized differentiated state of spermatozoa has implications for the form that apoptosis ultimately takes. Because apoptosis appears to be a default position for these cells, the key question that arises is not "What induces apoptosis in spermatozoa?" but rather, "What prevents this process from occurring?" This is a particularly pertinent question for human spermatozoa. We are unique amongst mammalian species because there is no behavioural estrus to ensure that insemination is synchronized with ovulation. As a result, human spermatozoa may have to survive for a week in the female tract waiting for ovulation to occur. Such prolonged survival depends on the presence of prosurvival factors such as prolactin or insulin in the reproductive tract fluids pathways, which ensure that the spermatozoa do not become senescent and apoptosis is held in abeyance. Two of the three major isoforms of AKT expressed in the testes are AKT1 (RACalpha serine/threonine-protein kinase), a recognized inhibitor of apoptosis and AKT2 (RAC-beta serine/threonine-protein kinase), an important constituent of the insulin signaling pathway. Immunocytochemical studies have revealed that the former is present throughout the sperm tail, particularly the sperm midpiece, where the life-death decisions for spermatozoa are made (Fig. 2 B) . AKT2 is also strongly present in the midpiece of the cell and, to a lesser extent, the proximal part of the tail principal piece; however, in contrast to AKT1, AKT2 also gives a very strong signal in the sperm head, particularly in the vicinity of the acrosome (Fig.  2B ). The activated, phosphorylated forms of this kinase including pThr34 AKT (present in AKT-1 but not AKT-2) as well as pThr308-, pSer473-and pSer124-AKT (represented in both AKT1 and AKT2) have also been detected in human spermatozoa. Significantly, all antibodies exhibited strong staining in the sperm midpiece, in close proximity to the sperm mitochondria (Fig. 2C ).
Within the sperm midpiece the function of phosphorylated AKT is to prevent apoptosis. One of the ways in which this is achieved is Aitken, 2011, reproduced with permission) . (Pujianto et al., 2010) . Such factors, in turn, exert their anti-apoptotic effects by promoting the activation of a key enzyme, phosphatidylinositide 3-kinase (PI3 kinase) responsible for the generation of phosphatidylinositol (3,4,5)-triphosphate (PtdIns(3,4,5)P3), otherwise known as PIP3.
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One of the characteristic features of human spermatozoa, which defines the control of apoptosis in this cell type, is its high level of compartmentalization. Thus an antibody against the p100 kD catalytic subunit of PI3 kinase reveals this enzyme to be located in the principal piece of the sperm tail, the neck and the acrosome but to be excluded from the midpiece of the cell where the mitochondria and residual cytoplasm are located ( Fig.  2A) . In most cells, the ability of PI3 kinase to generate PIP3 is in dynamic equilibrium with a phosphatase that negatively regulates the bioavailability of this phosphoinositide by catalyzing its dephosphorylation to the corresponding biphosphate, PIP2 (PtdIns(4,5)P2). This phosphatase is known as phosphatase and tensin homolog (PTEN). Immunocytochemical localization of PTEN generates a very weak signal, predominantly in the mid piece of the cell. However, an antibody against the phosphorylated, stabilized, form of this enzyme (pSer380), has revealed that a majority of the PTEN in spermatozoa exists in a phosphorylated state and is localized in the equatorial segment of the sperm head, completely separated from PI3 kinase in the sperm neck, tail and anterior acrosome ( Fig. 2A) . This physical separation of PI3 kinase and phosphorylated PTEN is absolutely unique to spermatozoa and serves to ensure that the former is completely free to generate PIP3 without any interference from PTEN phosphatase activity.
The PIP3 generated by activated PI3 kinase binds to another serine/thronine kinase, AKT, and facilitates the transfer of the latter to the plasma membrane where it becomes phosphorylated. Phosphorylated AKT is then responsible for activating a variety of downstream by maintaining the pro-apoptotic factor, BAD, in a phosphorylated state. Using an antibody that could recognize the phosphorylated form of BAD (pSer99), this post-translationally modified protein has been detected in the midpiece and tail of control spermatozoa (Fig.  2 D) . However, treatment with the PI3 kinase inhibitor, wortmannin, was found to induce complete loss of the pS99 epitope (Fig.  2D) . Since this sudden change in BAD phosphorylation would be expected to initiate the intrinsic apoptotic cascade, wortmannin can be used to synchronize the entry of spermatozoa into this pathway so that time-dependent studies can be conducted on the sequence of changes exhibited as these cells undergo apoptosis.
Activation of mitochondrial reactive oxygen species generation during apoptosis
One of the first signs that apoptosis has been activated by wortmannin is a sudden increase in the production of ROS from the sperm mitochondria (Aitken and Curry, 2011) . The activation of mitochondrial ROS generation is not associated with any immediate change in mitochondrial membrane potential (Koppers et al., 2011) although, ultimately, the latter fails as spermatozoa enter an advanced state of senescence and start to lose viability (Espinoza et al., 2009 ). One of the major causes of sustained mitochondrial ROS generation in spermatozoa entering apoptosis, involves disruption of the mitochondrial electron transport chain by electrophilic aldehydes generated as a result of lipid peroxidation. Thus the primary trigger for activation of the intrinsic apoptotic cascade could, curious as it may sound, be the induction of a mild oxidative stress. The latter could arise in any number of ways including poor antioxidant protection within the male or female reproductive tract as a result of dietary deficiencies (Palmer et al., 2012) , age (Weir and Robaire, 2007) , varicocele (Mostafa et al., 2001) , cryostorage , exposure to lifestyle factors (Fraga et al., 1996; Linschooten et al., 2011) , medicinal compounds (Ghosh et al., 2002) , bacteria (Villegas et al., 2005; Fraczek et al., 2007) , prolonged incubation in vitro or in vivo (Balasuriya et al., 2013 ) and a range of environmental factors including non-ionizing radiation (Agarwal et al., 2009; ). All such factors converge in the generation of oxidative stress within the spermatozoa. One of the inevitable consequences of oxidative stress in spermatozoa is the induction of high levels of lipid peroxidation. This occurs because spermatozoa are particularly well endowed with polyunsaturated fatty acids, particularly 22:6 (decosahexaenoic acid). The latter are particularly vulnerable to free radical attack because the carbon-hydrogen dissociation energies are lowest at the bis-allylic methylene position. As a result, the hydrogen abstraction event that initiates lipid peroxidation is promoted, generating a carbon centred lipid radical that then combines with oxygen to generate peroxyl (ROO•) and alkoxyl (RO•) radicals that, in order to stabilize, abstract hydrogen atoms from adjacent carbons. These chemical reactions create additional lipid radicals that then perpetuate the lipid peroxidation chain reaction culminating in the generation of small molecular mass lipid aldehydes such as 4-hydroxynonenal (4HNE), acrolein and malondialdehyde.
These electrophilic aldehydes bind to multiple targets in spermatozoa particularly in the mitochondria. A major consequence of this activity is the induction of mitochondrial ROS activity. In Fig.  3A , the dose-dependent ability of electrophilic aldehydes such as acrolein and 4HNE to trigger ROS generation is illustrated (Aitken et al., 2012) . Interestingly, the ability of electrophilic lipid peroxides to stimulate ROS generation by Michael addition reactions with mitochondrial proteins has been observed in other cell types (Landar et al., 2006) . The lipid aldehyde-adducted proteins responsible for mitochondrial ROS generation have been investigated and appear to involve the flavoprotein component of succinic acid dehydrogenase (SDHA). Thus bromopyruvate, a known inhibitor of SDHA, has been Koppers et al., 2011; reproduced with permission) . 
Immunocytochemistry images showing the subcellular distributions for PI3 kinase and AKT. (A) PI3 kinase (p110 catalytic subunit) located in the acrosomal region, neck and principle piece of the sperm tail but no signal in the sperm midpiece (arrowed). Most PTEN is stabilized by phosphorylation and located in the equatorial segment of the sperm head. This physical separation of PI3K and PTEN is unique to spermatozoa and ensures that the former is maximally active. (B) Immunocytochemical analyses revealed the presence of AKT1 along the entire length of the sperm tail including the neck, midpiece and principal piece, whereas AKT2 was principally located in the sperm acrosome and the midpiece, where the mitochondria are located. (C) The phosphorylated form of AKT1 (pThr34) generated a strong signal in the sperm tail with clear emphasis on the midpiece, whereas pThr308, (present in both AKT1 and AKT2) was found in the midpiece and in the acrosomal region. (D) The anti-apoptotic factor phospho-BAD is predominantly located in the midpiece of human spermatozoa (indicated by an arrow); however, all cross-reactivity is lost in the presence of the PI3 kinase inhibitor, wortmannin (20 mM). Scale bars = 5 mm (based
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shown to activate mitochondrial ROS generation in populations of human spermatozoa, while Western blot analyses involving whole cell lysates and immunoprecipitated SDH, demonstrated the latter to be a major HNE-adducted protein in these cells (Aitken et al., 2012) . Furthermore, the ability of the flavoprotein inhibitor DPI to suppress HNE-induced mitochondrial ROS generation by human spermatozoa is consistent with the involvement of SDHA (which contains a covalently attached flavin adenine dinucleotide cofactor) in this process (Aitken et al., 2012) . This conclusion is also in keeping with the apparent importance of succinate in regulating mitochondrial ROS in other cell types (Zoccarato et al., 2009 ) and the fact that isolated SDH is capable of free radical generation (Zhang et al., 1998) . In light of the foregoing, it is possible that a wide range of factors are potentially capable of creating a mild oxidative stress in spermatozoa. The creation of such stress is followed by the generation of electrophilic lipid aldehydes such as 4HNE that then form adducts with susceptible proteins particularly at cysteine, histidine and lysine residues. In the case of sperm mitochondria, the formation of such adducts perturbs the flow of electrons along the mitochondrial electron transport chain resulting in electron leakage to oxygen and the formation of O 2 -•. These observations accord with previous observations suggesting that ROS generation by human spermatozoa is triggered by oxidative stress in a self-perpetuating redox cycle (du Plessis et al., 2010) . As a result of the positive feedback loop inherent in this cycle, once a state of oxidative stress has been created in spermatozoa, it will be very difficult to reverse. These observations are also consistent with the association that has been recorded between defective sperm function and ROS generation by the sperm mitochondria (Koppers et al., 2008) and the fact that highly significant correlations (P < 0.001) have been observed between the observed baseline 4HNE content of human spermatozoa and their spontaneous capacity for generating mitochondrial ROS (R 2 = 0.89; Fig. 3B ). Apoptosis in mammalian spermatozoa may therefore be a product of ROSinduced ROS generation, as has been observed in other cellular systems (Zorov et al., 2000) .
Disruption of sperm motility
The formation of lipid adducts with sperm proteins is probably also responsible for another central feature of the apoptotic cascade in these cells, a loss of motility. If apoptosis is triggered by using wortmannin to suppress PI3 kinase activity, then a highly significant dose-(P<0.001) and time-(P<0.001) dependent loss of percentage sperm motility and progressive motility is observed (Koppers et al., 2011) . Furthermore, addition of lipid aldehydes such as 4HNE and acrolein to human spermatozoa induces a dose-dependent loss of motility and progressive motility in human spermatozoa (Aitken et al., 2012) . This suppression of movement can be achieved with concentrations of these electrophiles that are well within the physiological range. Thus, when cells are oxidatively stressed, the cellular concentrations of 4HNE are held to range between 10 mM and 5 mM (Chen and Niki, 2006; Uchida, 2003) while significant effects of this electrophile on sperm motility have been observed at doses above 6.25 mM (Fig. 3C ). This loss of sperm motility is, in all probability, due to the ability of electrophilic lipid aldehydes to adduct directly onto proteins that control sperm movement. It has been known for some time that alkylating agents such as benzoquinone can have a rapid immobilizing impact on mammalian spermatozoa, because they form covalent complexes with key proteins involved in the regulation of flagellar activity such as AKAP3 and AKAP4 as well as dynein (Hughes et al., 2009) . Although alkylating agents are capable of activating ROS generation, particularly from the mitochondria (Aitken et al., 2012) , this activity per se is not responsible for the sudden arrest of sperm movement. Alkylating agents that have no capacity to redox cycle, such as bismaleimide, can still instantly paralyse human spermatozoa (Hughes et al., 2009) whereas reagents, such as arachidonic acid, that induce mitochondrial ROS production but possess no alkylating activity take significantly longer to inhibit the movement characteristics of these cells (Aitken et al., 2006) . Whatever fundamental mechanism is involved, this loss of motility during the early stages of apoptosis ensures that such defective spermatozoa do not participate in the process of fertilization.
Markers of apoptosis
Following the activation of mitochondrial ROS generation and the suppression of motility, spermatozoa exhibit many of the signatures of apoptosis including caspase activation and phosphatidylserine (PS) externalization (Barroso et al., 2000; Weng et al., 2002; Koppers et al., 2011) . If the initiation of apoptosis is synchronized with wortmannin, then caspase activation can be seen to increase before PS exposure; thus while significant caspase activation is evident 4 hours after the initiation of apoptosis, PS exteriorization does not become manifest until 8 hours (Koppers et al., 2011) . In such situations, caspase activation is presumably secondary 
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A 270 R.J. Aitken and M.A. Baker to mitochondrial pore formation and the release of cytochrome C (Ortega Ferrusola et al., 2010; Koppers et al., 2011) . Mitochondrial pore formation and caspase activation would, in turn, be expected to promote the activation of endonucleases which are either released from the mitochondrial inter-membranous space, (Apoptosis Inducing Factor, mitochondrion-associated [AIFM] or endonuclease G [EndoG]), or activated in the cytosol (Caspase Activated DNase; CAD), prior to their translocation to the nucleus. Such apoptosis-associated endonuclease activity has been proposed as a cause of DNA damage, associated with the appearance of TUNEL positive signals in defective mammalian spermatozoa (Gorczyca et al., 1993) .
Apoptosis and DNA damage
In fact, if apoptosis is induced in spermatozoa by exposure to wortmannin no TUNEL positivity is seen, even though other facets of apoptosis, such as caspase activation and PS externalization are clearly evident (Koppers et al., 2011) . There are three major reasons why apoptotic mammalian spermatozoa do not express an increase in DNA fragmentation as evidenced by the TUNEL assay. Firstly, the spermatozoon possesses a unique architecture with the mitochondria and cytoplasm in a distinct subcellular compartment (the midpiece) from the nucleus. As a result, even though endonucleases such as EndoG or CAD can be readily detected in apoptotic human spermatozoa they remain resolutely locked in the sperm midpiece and tail and never gain access to the nuclear compartment (Koppers et al., 2011) . Secondly, spermatozoa possess a highly truncated base excision repair pathway, which features OGG1 but lacks APE1 (Smith et al., 2013) . This is significant because APE1 is needed to create the 3'-hydroxyl group targeted by terminal transferases in the TUNEL reaction. Finally, sperm chromatin is so condensed it reaches the physical limits of compaction, with the result so that the DNA exists in a semi-crystalline state. Under these circumstances it is very difficult for the bulky reagents used in the TUNEL assay to penetrate the chromatin and register the presence of a DNA strand break. However, if the chromatin is chemically decondensed, TUNEL signals can be generated with human spermatozoa, in large part from cells that are no longer viable . If mitochondria-activated endonucleases cannot access the nuclear compartment and spermatozoa do not possess APE1, how can such TUNEL signals be generated?
Since DNA fragmentation can only be induced via nuclease activity or free radical attack, we propose the following chain of cause and effect when spermatozoa come under oxidative stress. First of all, the mitochondria respond to such stress by generating ROS in a self-perpetuating redox cycle and inducing oxidative damage in the DNA of live cells. This is why most of the DNA damage in human spermatozoa appears to be oxidatively induced . The base excision repair enzyme OGG1 is then activated and cleaves the oxidized base out of the DNA, creating an abasic site. At this point, the base excision repair pathway comes to a halt and the DNA damage will remain unresolved unless the spermatozoon manages to fertilize an oocyte; if this occurs the repair process will be driven to completion by the latter. If fertilization does not occur then the combination of ROS, lipid aldehydes and caspase activity associated with apoptosis leads to cell death accompanied by the expression of PS on the cell surface. In this perimortem state, reached around 48 hours after the initiation of apoptosis, the spermatozoa become TUNEL positive, possibly as a result of the late activation of a nuclease which is integrated into the chromatin and/or as a result of exogenous endonucleases released by the reproductive tract gaining access to cells that are, by this point, disintegrating (Dominguez and Ward, 2009; Smith et al., 2013) .
Summary
In summary, apoptosis plays a number of critical roles during the life history of male germ cells. During early development, the apoptotic process ensures that there is an optimal ratio of Sertioli cells to germ cells. In adult life, the same process ensures the selective deletion of differentiating germ cells that have been damaged for a wide variety of reasons and in this way safeguards the integrity of the male contribution to the embryonic genome. In mature spermatozoa, the apoptotic process accelerates the functional demise of cells that have suffered from oxidative stress and are carrying oxidatively damaged DNA. Given the adverse outcomes that have been associated with DNA damage in spermatozoa including subfertility, impaired preimplantation development, miscarriage and disease in the offspring (Zini and Sigman, 2009) , an understanding of the factors responsible for creating oxidative stress and initiating apoptosis in spermatozoa is extremely important to achieve. Specifically, the finding that most DNA damage in live cells is occurring during the early stages of apoptosis as a result of oxidative stress, has major implications for the diagnosis, treatment and prevention of this condition. Finally, apoptosis ensures that senescent moribund spermatozoa die a carefully regulated death, so that they can be efficiently and silently removed by a phagocytotic process that recognizes surface markers, like PS, generated during the apoptotic cascade. Thus while apoptosis in the male germ line may exhibit some unusual features, it is clearly a critical element of the reproductive process. 
